Objectives To prospectively compare computed tomography (CT) of the hindfoot in the supine non-weight-bearing position (NWBCT) with upright weight-bearing position (WBCT). Methods Institutional review board approval and informed consent of all patients were obtained. NWBCT and WBCT scans of the ankle were obtained in 22 patients (mean age, 46.0± 17.1 years; range 19-75 years) using a conventional 64-row CT for NWBCT and a novel cone-beam CT for WBCT. Two musculoskeletal radiologists independently performed the following measurements: the hindfoot alignment angle, fibulocalcaneal and tibiocalcaneal distances, lateral talocalcaneal joint space width, talocalcaneal overlap and naviculocalcaneal distance. Significant changes between NWBCTand WBCTwere sought using Wilcoxon signed-rank test. P values <0.05 were considered statistically significant. Results Significant differences were found for all measurements except the hindfoot alignment angle and tibiocalcaneal distance. Significant measurement results were as follows (NWBCT/ WBCT reader 1; NWBCT/WBCT reader 2, mean ± standard deviation): fibulocalcaneal distance 3.6 mm±5.2/0.3 mm±6.0 (P =0.006); 1.4 mm±6.3/-1.1 mm±6.3 (P =0.002), lateral talocalcaneal joint space width 2.9 mm±1.7/2.2 mm±1.1 (P =0.005); 3.4 mm±1.9/2.4 mm±1.3 (P =0.001), talocalcaneal overlap 4.1 mm±3.9/1.4 mm±3.9 (P =0.001); 4.5 mm±4.3/ 1.4 mm± 3.7 (P <0.001) and naviculocalcaneal distance 13.5 mm± 4.0/15.3 mm± 4.7 (P =0.037); 14.0 mm± 4.4/ 15.7 mm±6.2 (P =0.100). Interreader agreement was good to excellent . Conclusion Alignment of the hindfoot significantly changes in the upright weight-bearing CT position. Differences can be visualised and measured using WBCT. Key Points • Cone-beam computed tomography (CBCT) offers new opportunities for musculoskeletal problems • Visualization and quantification of hindfoot alignment are possible in upright weight-bearing CBCT • Hindfoot alignment changes significantly from non-weightbearing to weight-bearing CT • The weight-bearing position leads to a decrease in the fibulocalcaneal distance and talocalcaneal overlap • The naviculocalcaneal distance is increased in the weight-bearing position
Introduction
Hindfoot alignment has been well investigated on conventional weight-bearing radiographs. However, considering the complex anatomy and relationship of the foot joints, any two-dimensional depiction of bone deformities and its capability of true assessment will reach certain limitations [1] [2] [3] [4] [5] . Until now, computed tomography (CT) of the lower extremity has only been feasible using conventional CT in the supine position. Exertion of axial load to the joints using special apparatuses may simulate weight-bearing conditions but have only been applied in the supine position [6] [7] [8] [9] . As such, the results of those investigations can be questioned because they do not replicate natural forces running across the foot and ankle [3, 4, [6] [7] [8] [9] [10] [11] . More recently, a novel fluoroscopy system has been shown to provide quite accurate 3D reconstructions of the foot in an upright position [12] . However, the novel cone-beam CT (Planmed Verity Extremity, Planmed Oy, Helsinki, Finland) allows CT of the ankle and foot to be performed in the upright weight-bearing position [13, 14] . CT allows precise visualisation of the hindfoot and therefore seems superior to conventional radiographs in the assessment of hindfoot alignment [12, 15] . To our knowledge, there is no comparison of hindfoot alignment using non-weight-bearing and upright weight-bearing CT. The purpose of this study was to prospectively quantify changes in alignment of the hindfoot between non-weight-bearing (NWBCT) and upright weightbearing CT (WBCT).
Materials and methods

Patient and CT technique
Institutional review board approval and informed consent of all patients were obtained. NWBCT and WBCT of the ankle were performed in 22 patients (mean age, 46.0±17.1 years; range, 19-75 years; 8 women; mean age, 51.0 years; range, 19-69 years; 14 men; mean age, 43.2 years; range, 25-75 years) using a conventional 64-row CT unit (Brilliance 64, Philips Healthcare, Best, The Netherlands) for NWBCT and a novel cone-beam extremity CT for WBCT (Planmed Verity Extremity, Planmed Oy, Helsinki, Finland). Imaging was performed on the same day. In the supine position the ankle was examined in a neutral position; a strap around the foot and a foam pad on the sole were used to prevent motion artefacts. For the upright CT examination, the foot was placed in a neutral position on a dedicated platform; the other foot rested on the gantry (Fig. 1) . Axial images (NWBCT: tube voltage, 120 kV; tube current, 100 mAs/slice; pitch factor, 0.352; CTDI vol 7.6 mGy; matrix, 512×512; reconstruction thickness, 0.67 mm; reconstruction increment, 0.33 mm; WBCT: tube voltage, 96 kV; tube current, 7.5 mAs; CTDI vol 4.3 mGy; matrix, 160×160×130; pixel size, 0.4 mm; slice interval 0.4 mm) of the ankle joint were acquired. Axial (reconstruction thickness 2 mm), sagittal (reconstruction thickness 2 mm) and coronal (reconstruction thickness 1 mm) bone window reformations of these images were used for measurements.
All patients included in this study were referred from the orthopaedic department for a CT scan of the ankle. Indications for the CT were osteoarthritis of the hindfoot (n = 8), osteochondral defects of the talus (n =6), evaluation of foot pain (n =5) and others (n =3), including healed fracture of the cuboid (n =1) and osteonecrosis of the navicular (n =2). Patients were included in this study if they were able to fully bear weight on the examined foot. Patients were excluded if they had undergone a prior foot surgery, if they were under the age of 18 and if they did not give informed consent.
Analysis of CT
Two musculoskeletal radiologists independently performed the following measurements on NWBCT and WBCT: the hindfoot alignment angle; fibulocalcaneal and tibiocalcaneal distances and lateral talocalcaneal joint space width in the coronal plane; talocalcaneal overlap in the coronal plane and naviculocalcaneal distance in the sagittal plane.
The hindfoot alignment angle was based on the axis of the distal tibial defined by a perpendicular line to the distal tibial joint surface and a line paralleling the medial osseous contour of the calcaneus on the most posterior image including the tibia and calcaneus (Figs. 2 and 3) [2, 16, 17] . A positive hindfoot alignment angle indicated valgus, and a negative angle indicated varus.
For the fibulocalcaneal and tibiocalcaneal distances as well the lateral talocalcaneal joint space width, the coronal image with the lowest extension of the fibular tip was used. The reference line was drawn parallel to the calcaneal surface (Fig. 4) . Distances from this line were measured to the fibular tip (fibulocalcaneal distance) and to the tip of the medial malleolus (tibiocalcaneal distance) (Fig. 4) . Distances below the line were defined as negative, above the line as positive. The lateral talocalcaneal joint space width was measured (Fig. 4) .
For the talocalcaneal overlap, a coronal slice through the midpoint of the anterior facet of the subtalar joint was chosen measuring the length of the talus overlapping the calcaneus along the calcaneal joint surface (Fig. 5) . A positive value indicated talocalcaneal overlap; a negative value indicated no overlap. The naviculocalcaneal distance was assessed measuring the shortest distance from the navicular bone to the calcaneus at the level below the talar head on sagittal images (Fig. 6 ). 
Statistical analysis
Descriptive statistics were used to report quantitative data. Significant changes between NWBCT and WBCT were assessed using the Wilcoxon signed-rank test. Interreader agreement was quantified for all measurements using the intraclass correlation coefficient (ICC). According to Rosner [18] , the interreader reliability by means of ICC is classified as follows: >0.75 is excellent, 0.4-0.75 is fair to good, and <0.4 is poor. A P value of <0.05 was considered statistically significant. For all analyses statistical software (SPSS for Windows, release 17.0; SPSS, Chicago, IL, USA) was used.
Results
Significant differences were found for all measurements except the hindfoot alignment angles and the tibiocalcaneal distances between NWBCT and WBCT ( Table 1) . The fibulocalcaneal distance decreased significantly in WBCT (reader 1/reader 2; mean 0.3 mm/-1.1 mm) compared to NWBCT (3.6 mm/1.4 mm), whereas the negative value indicates the fibular tip below the calcaneal joint surface. The lateral talocalcaneal joint space width significantly decreased in WBCT (2.2 mm/2.4 mm) compared to NWBCT (2.9 mm/ 3.4 mm). The talocalcaneal overlap significantly decreased in WBCT (1.4 mm/1.4 mm) compared to NWBCT (4.1 mm/ 4.5 mm). The naviculocalcaneal distance increased significantly (P =0.037) in WBCT (15.3 mm/15.7 mm) compared to NWBCT (13.5 mm/14.0 mm) for reader 1 (but only P = 0.100 for reader 2).
Interreader agreement was excellent for the hindfoot alignment angle, lateral tibiocalcaneal and naviculocalcaneal distances, and talocalcaneal overlap in both positions ( Table 2 ). The agreement was good for all other measurements. 
Discussion
To date, hindfoot alignment has been evaluated using upright weight-bearing radiographs as well as CT and MR. Superimposition of the tarsal bones using X-ray limits a precise assessment of the hindfoot alignment [12] . Cross-sectional imaging is superior to radiographs in the evaluation of the hindfoot alignment and has been widely used for the assessment of feet deformities and ankle impingement; however, CT and MR have been restricted to a supine position [2-4, 6, 12, 16, 17] . The novel cone-beam extremity CT allows upright weight-bearing scans of the lower extremity because of a new scanner design [13, 14] . This technique provides multiplanar reformations of CT images of the anatomy of the foot under physiological, weight-bearing conditions. Comparison of hindfoot alignment in NWBCT and WBCT has been presented. Significant differences in the weight-bearing position were found for the fibulocalcaneal distance, lateral talocalcaneal joint space width, naviculocalcaneal distance and talocalcaneal overlap. The ICC values in NWBCT and upright WBCT reached values close to 1, demonstrating the excellent reproducibility of the measurement methods.
The significant decrease in the fibulocalcaneal distance in the weight-bearing position might be due to the tendency of pronounced hindfoot valgus compared to the non-weightbearing position, although the hindfoot alignment angle did not show a significant difference (P =0.249 and 0.581 for reader 1 and 2, respectively). In the weight-bearing position the tibiocalcaneal joint space width decreased significantly, leading to a decrease in the fibulocalcaneal distance. The talocalcaneal distance merely showed a decreasing tendency in the weight-bearing CT for reader 1.
Due to substantial limitations in the evaluation of the hindfoot using X-rays [12] , we assessed the hindfoot alignment angle, the fibulocalcaneal and tibiocalcaneal distances, the lateral talocalcaneal joint space width and the talocalcaneal overlap in the coronal plane as well as the naviculocalcaneal distance in the sagittal plane using CT. Using multiplanar reformations and volume reconstructions, the joint surfaces of the foot can confidently be detected and reference lines can be defined accurately for measurements [3, 4, 7, 8, [12] [13] [14] . Furthermore, radiographic evaluation of hindfoot alignment is prone to misleading measurement results because of malpositioning of the foot at the time of image acquisition and may be limited in assessing the source of foot instability [2, 12] . Such problems can be excluded by using CT with secondary multiplanar reconstructions.
To date, several authors have investigated foot alignment with simulated weight-bearing CT in the supine position using special apparatuses [6] [7] [8] [9] . The weight-load differed between 10 and 50 % of the body weight [6, 7] . Imaging under partial weight-load seems to underestimate subluxation of the foot joints and minor changes of the joint alignment may remain undiscovered [6] . So far, only Kido et al. [8, 9] have simulated weight-bearing CT scans of the foot in the supine position with full-body weight-load applied to a knee plate. However, the supine position may eliminate the pull of the gastrocnemius muscle and again diminish subluxation in the foot joint Images demonstrate the measurement technique of the talocalcaneal overlap. In the non-weight-bearing (a) CT scan of the ankle with coronal reformation (1 mm slice thickness), the head of the talus overlaps the calcaneal facet of the anterior subtalar joint by 4.9 mm. In the upright weight-bearing position (b), the talus does not overlap the calcaneal facet of the subtalar joint, resulting in a negative talocalcaneal overlap of -4 mm (the dotted line represents the calcaneal facet) [6] . The upright, weight-bearing position exclusively enables imaging under physiological conditions of the foot joints and allows a precise evaluation of the joint alignment.
So far, comparison of foot alignment has mainly been accomplished using special software packages with the need for segmentation of the tarsal bones and analyses of tarsal bone rotation in 3D images [6, 8, 9] . The aim of our study was to demonstrate the change in hindfoot alignment in upright weight-bearing CT compared to supine non-weight-bearing CT in the coronal and sagittal planes for daily purposes in the clinical setting without requiring special software. Therefore, we carried out measurements of the hindfoot, such as the fibulocalcaneal and tibiocalcaneal distances, the lateral talocalcaneal joint space width, the naviculocalcaneal distance and the talocalcaneal overlap, which have not been described in the current literature before. However, our findings of a significant decrease in the fibulocalcaneal distance and the talocalcaneal overlap in WBCT compared to NWBCT are comparable with the results of Ferri et al. [7] . They found a subtalar joint subluxation and an increased tarsal bone shift in pes planus feet, which was more evident in simulated weightbearing CT compared to non-weight-bearing CT [7] . Only the hindfoot alignment angle has been established in crosssectional imaging before [16, 17, 19] . The normal hindfoot valgus angle was defined as less than 6°in early years [20] . Donovan et al. [16] questioned this reference value. They measured higher values of hindfoot valgus of 7-26°in the majority of patients with impingement of the hindfoot. In our study we measured a mean hindfoot valgus of 20°; this is in accordance with the findings of Donovan et al. [16] . Any hindfoot varus is reported to be abnormal [17] , but we did not observe this finding in our study population.
Proper evaluation of hindfoot alignment is crucial to assess the amount of congenital or acquired foot deformity, such as pes planovalgus and ankle impingement, for example [2-4, 6, 16] . In unloaded, non-weight-bearing scans, the impingement configuration may be underestimated or even undiagnosed; therefore, weight-bearing assessment of the foot seems necessary.
Upright WBCT facilitates a diagnostic procedure for the ankle and foot and precisely demonstrates the hindfoot alignment in full-body weight-bearing conditions. MR imaging is a widely used imaging method in the evaluation of foot pain or deformity, especially in assessing the soft tissue [16, 17, 19] . It lacks the possibility of upright weight-bearing imaging of the foot [16, 17] , although this is possible using upright MR systems. The bony structures and joint alignment can be precisely demonstrated using CT.
The present study has several limitations. The clinical indications varied, resulting in a heterogeneous patient population. The number of patients is rather low because of the exclusion criteria in a fully weight-bearing examination of the foot (postoperative, early posttraumatic, wheel-chair bound). However, as this is a novel CT system allowing fully weightbearing imaging for the first time, further investigations are required with healthy volunteers to demonstrate the normal range of differences in non-weight-bearing and weight- bearing foot alignments and to evaluate a larger number of patients in order to define accurate measurement thresholds. In conclusion, alignment of the hindfoot significantly changes in upright weight-bearing position. Differences can be well visualised and measured using weight-bearing cone-beam computed tomography.
